A complete sample of 108 optically selected quasars, the Palomar-Green quasars, has been studied at near-infrared wavelengths over an average time base of about 6 yr; in some cases the time base extends to 20 yr. The measurements show that about half the quasars have a high probability of having varied, but that half show little evidence of variability, in sharp contrast to published studies indicating that most quasars vary on comparable timescales at optical wavelengths. The maximum amplitude of variation is less than 1 mag and generally near 0.5 mag. During variations, the near-infrared colors are almost constant. The more luminous quasars show a smaller mean probability of having varied in the time frame of the study than the less-luminous quasars. The majority of the quasars with flat radio spectra have a high probability of having varied. Among those quasars that have a high probability of having varied, the rate is fairly independent of the time interval between the observations after the first year. The quasar 3C 273 shows definite variations at 10.1 ¡um which preclude the emission being thermal emission from heated dust grains for that quasar. The observations of the other quasars cannot be used to differentiate uniquely between thermal and nonthermal emission mechanisms.
INTRODUCTION
Variability has been recognized as a characteristic feature of the radiation observed from quasars since their discovery, and temporal studies of the continuum energy distributions of quasars are potentially important in distinguishing between the physical processes involved in the production of the observed luminosities. In particular, at sufficiently long infrared wavelengths, thermal emission from heated dust can potentially be distinguished from synchrotron radiation by the characteristics of the magnitudes and timescales of variation.
There have been extensive studies of the optical variability of individual quasars, and monitoring of the visible radiation from large samples of selected quasars has been reported by Angione (1971 Angione ( , 1973 , Peach (1969) , Lu (1972) , Seimes, Tritton, and Wordsworth ( 1975), McGimsey etal ( 1975) , and Scott et al (1976) . Usher (1978) has investigated the optical variability of quasars in a field of faint blue objects in order to determine the efficacy of identifying quasars through their variability and concludes that essentially all quasars show a high probability of variability on a 20 yr timescale.
The rapid evolution of astronomical infrared observations has meant that published studies of the variability of extragalactic objects at infrared wavelengths have been restricted to relatively short timescales and to studies of few, relatively bright, objects, quite often objects that have exhibited extreme optical variability. Extended monitoring of the nearinfrared infrared flux from selected, generally optically active, quasars has been reported by Neugebauer et al ( 1979 ) , Lebofsky and Rieke (1980) , Robson et ai (1983 Robson et ai ( , 1986 , Bregman etal. ( 1986) , Smith etal. ( 1987) , and Courvoisier etal. (1987 and Courvoisier etal. ( , 1988 .
Because of its brightness, many of the studies relate to the quasar 3C 273. In particular, Rieke and Lebofsky (1979) report that a mild outburst appears to have occurred at 10 fim in early 1972. Robson et al. (1983) have reported the discovery of an infrared flare in 3C 273 in 1983 and Courvoisier etal. ( 1988) report a short-lived outburst by a factor of 2 a) Presently at Cerro Tololo Inter-American Observatory.
957 Astron. J. 97 (4), April 1989 in the 2.2 fim flux of that quasar in early 1988. Cutri et al. ( 1985) studied the optical and infrared variability of seven "quiescent" quasars over a 3 yr period, and found that over this period of time only one, 3C 273, varied at 2.2 /¿m despite significant variations in the visible and ultraviolet of all the quasars. Further variability of this object at 10//m in 1983 relative to the period 1973-1979 was also reported by Cutri et al. In this paper we report the results of near-infrared monitoring of a complete sample of 108 optically selected quasars found in the Palomar Green Survey (PG; Green, Schmidt, and Liebert 1986) . Although the observations extend over two decades, the main basis of the program is the remeasurement, after a period of about 5 yr, of the infrared measurements contained in the study by Neugebauer et al. ( 1987) . The observations were all made using the photometric systems of the Caltech infrared group primarily at the Hale 5 m Telescope of the Palomar Observatory. The most extensive coverage was obtained at 1.25-2.2 ¿¿m but observations were also made at 3.5 or 3.7 /¿m and 10.1 //m.
OBSERVATIONAL DETAILS
The bulk of the observations were made at the Hale 5 m Telescope at Palomar Mountain. In addition, a relatively small number of observations, all made before 1980, were obtained at the Hooker 2.5 m Telescope on Mount Wilson. Observations at 1.65 ^um (H) and 2.2 mm (AT) before 1973 were made using a PbS detector and a focal plane chopper located at the//16 Cassegrain foci of the telescopes. Observations before 1973 at 3.5 yum (L) were obtained with a PbSe detector. Observations made after 1973 at 1.25/¿m (/), 1.65 /mi, 2.2 yum, 3.5 //m, and 3.7 fim (L ') were made with an InSb detector; the change to 3.7 //m was made in 1980. Before 1970, measurements were often made at only 2.2 /zm; after 1973, measurements at 1.25 and 1.65 /zm generally accompanied measurements at 2.2 ytzm. Observations at 10.1 yum {N) were made with Ge:Ga bolometers. Whenever colors are given below, observations at the different wavelengths were made on the same night.
Observations before 1977 were made with a photometer using a focal plane chopper. The beam diameters were typi-1989AJ 97 . . 957N 958 NEUGEBAUER ETAL. : INFRARED VARIABILITY OF QUASARS 958 cally 5"-10", but extended up to IS". The spacing between the two beams used to cancel sky emission, the "chopper throw/' was typically 15" at the Hale Telescope and 30" on the Hooker Telescope. After 1977, observations at the Hale 5 m Telescope were made using the f /70 Gregorian or Cassegrain focus and a "chopping" secondary mirror with throws which typically were 15". Beam diameters are limited to be less than 10" at wavelengths less than 3.7 ¡im and 5" at 10.1 /¿in. Since 1985, observations from 1.25 to 2.2//m have been obtained with 5" and 10" diameter beams on each night of observation whenever possible. The photometry for wavelengths up to 3.7 fim was calibrated using a set of secondary standard stars which evolved into the set described by Elias etal. ( 1982) . The calibration stars used for the 10 /¿m photometry are consistent with those described by Tokunaga (1984) . Typically, between four and ten calibration stars were observed on each night that quasars in the present sample were measured. As an example of the stability of the Caltech photometry, 107 observations of the K = 8.8 mag star Bertaud b near BL Lac (Bertaud et al. 1973 ) obtained from November 1969 through July 1988 show a change in the biannual averages of less than 5% with a dispersion in the sample of 4%. This star has been monitored in a longstanding program of observations of BL Lac and observations of it were obtained under the same conditions as applied to the PG quasars.
No correction for differing photometry because of the different detectors or filters was made except that the 3.5 fim magnitudes were made brighter by 0.15 mag to place them on the L ' system, and measurements at both wavelengths will be lumped together as "3.7 ¿¿m" observations. The effects at the other wavelengths are estimated to be significantly less than 0.05 mag.
The distributions of the uncertainties over the total span of measurements at 2.2 //m, which is typical of that at 1.25 and 1.65 /¿m, at 3.7 //m and at 10.1 //m, are given in Fig. 1 . Most of the PG quasars are bright enough at 1.25-2.2 /xm that the statistical uncertainties at these wavelengths were generally on the order of 1 %-2% and the uncertainties in the photometry are due to systematic effects such as beam profiles, centering, extinction corrections, and overall calibration with respect to the secondary standards. These systematic effects, which since about 1977 are on the order of 5%, were larger before that time when the techniques for infrared photometry were being developed. We have, based on the observations of Bertaud b (Bertaud cía/. 1973) and of the secondary calibration stars, included a systematic uncertainty of 7% in quadrature with the statistical uncertainties at 1.25, 1.65, and 2.2 /xm for observations made prior to 1973. The earlier measurements with larger uncertainties were kept in the database in order to preserve, although with reduced accuracy, the longest-time histories.
The uncertainties at 3.7 /xm are generally dominated by the counting statistics and usually exceed 6%. These uncertainties also dominate any additional change in the photometry that resulted from the change in effective wavelength from 3.5 to 3.7 /xm. At 10.1 /xm, the uncertainties were almost always dominated by the statistical uncertainties, which generally exceeded 10%. In the analysis, a limiting maximum uncertainty, appropriate to the particular analysis, was often invoked.
As stated above, the observations were made with beam sizes ranging from 5" to 15" in diameter depending on the atmospheric seeing, the equipment in use, and the observa- tional program in progress. A comparison of measurements made with different beam sizes can introduce artificial variability if a significant flux from a host galaxy is included in the measurements obtained with the larger beams. Alternatively, if only large beam measurements were obtained, the host galaxy, which is presumably constant in time, could have the effect of hiding variability in the underlying quasar. This effect is presumed to be significant relative to the uncertainties only at wavelengths from 1.25 to 2.2 /xm. The vast majority of the measurements at these wavelengths were made with beam diameters between 5" and 10"; e.g., the observations in 1980-1981, which form the basis of Neugebauer et al. ( 1987) , were all done with 5.5" diameter beams and subsequent observations were made with either 5" or 10" diameter beams or both.
In order to determine the magnitude of artifacts due to the presence of an accompanying galaxy, detailed measurements of 16 PG quasars were made through annular diaphragms of inner diameter 5" and outer diameter 10" (Neugebauer et al. 1985) and observations since -1985 at 1.25-2.2 /xm have been made using both 5" and 10" diameter beams whenever permitted by the seeing. These measurements, which are shown in Fig. 2 , indicate that the host galaxies can contribute as much as 40% of the total measured in a 5" diameter beam, although the typical value is less than 10%. Furthermore, it is seen in Fig. 2 that significant extended emission is measured only for quasars with redshifts z less than 0.35.
Seventy-one quasars in the sample considered here have redshifts less than 0.35. Of these, 67, including all sample quasars with z < 0.1, have been re-observed with 5" and 10" diameter beams at 1.25, 1.65, and 2.2 /xm on at least one night or were measured using the 5" and 10" annular diaphragm. For these 67 quasars, the 1.25-2.2 /xm measurements made with beams larger than 5" in diameter were revised to take account of the host galaxy with the assumption that the galaxy contribution was as determined from the multibeam measurements. 10" diameter beams were made on one night, the measurements made with the smaller beam were used in the analysis. For the remaining four quasars with redshifts less than 0.35, the measurements with large beams were corrected assuming a flux density versus redshift relation corresponding to a smooth median of the flux densities observed at all three wavelengths and displayed in Fig. 2 . It was assumed that no correction was required for quasars with redshifts larger than 0.35. The increased uncertainties associated with these corrections are included in Fig. 1 . No correction to the flux density inside the 5" diameter beam was attempted since, within the uncertainties of the measurements, simple models of galaxies centered on the quasars proved inconsistent with the observations.
THE SAMPLE
The present sample consists of 108 quasars selected from the Palomar Green Survey of objects with an ultraviolet excess (Green, Schmidt, and Liebert 1986) . Thus, since the PG survey represents an unbiased sample of optically selected quasars, the current sample should characterize the infrared variability of such a sample. One hundred five of the 108 quasars were observed in 1980-1981 at visual and nearinfrared wavelengths in the study by Neugebauer et al. ( 1987) . All the quasars included in Neugebauer et al. were subsequently remeasured in the 1985-1988 time frame. In addition, three quasars (PG0050 + 124 = 1ZW1, PG 1322 -f 659, and PG 1425 + 267 = TON 202), which were arbitrarily omitted from Neugebauer et al., but which were selected as part of the Palomar Green survey, have been included in the present sample. The quasars belonging to the present sample are listed in Table I .
Of the 108 subjects in Table I , all but seven are included in the bright quasar survey of Schmidt and Green (1983) . The seven additional quasars in Table I , which were included in Neugebauer et al. ( 1987) Schmidt and Green ( 1983) , but these authors differentiate between objects brighter than M B = -23 mag (i/ o = 50 kms _1 Mpc _1 ), the "quasars," and objects fainter than M B -23 mag, the "low-luminosity quasars." Of the 108 quasars in Table I 3  6  2  5  51  4  2  2  2  3  2  2  2  6  2  2  2  2  2  2  2  8  3  2  2  3  2  4  3  3  2  1  3  3  3  5  4  4  6  3  3  3  4  8  2  5  4   6  3  6  2  5  87  4  2  2  2  3  2  2  2  6  2  2  2  2  2  2  2  9  3  2  2  3  2  4  3  3  2  4  3  3  3  5  4  4  6  3  3  3  4  10  2  5  4   6  3  6  2  5   2  1  3  0  0  95 41  5 3  2  2  2  3  2  2  2  6  2  2  2  2  2  2  2  9  3  2  2  3  2  4  3  3 6.8 6.7 8.1 6.1 6.9 21.1 19.0 6.8 6.8 6.9 7.1 6.1 6.9 6.1 8.1 7.0 6.9 6.9 6.9 6.9 6.9 6.9 13.3 6.9 6.9 6.1 7.9 6.9 6.9 6.2 8.1 6.9 18.1 6. (1988) , using//MS' data from 12 to 100/¿m plus new 10.1 fim observations, have determined the integrated luminosity from 0.3 to 300 fim for 64 quasars in the Palomar Green sample and thus can estimate a bolometric luminosity for those quasars and the ratio of the bolometric luminosity to that at 0.44 and 2.2 ¡um. On the basis of these estimates, the demarcation assumed by Schmidt and Green ( 1983) corresponds to a bolometric luminosity log (L(bol) [ Lq ] ) = 12.0, while the ratio of the bolometric luminosity to that at 2.2 ¡urn, which is available for all the objects, is L(bol)/L(2.2) = 18 with a standard deviation (population ) of 30%. This ratio will be used to estimate the bolometric luminosity of those quasars for which IRAS detections are not available. The number distributions of the quasars in the sample as a function of L(2.2) and L(bol) are shown in Fig. 3 . The mean 2.2 /um magnitudes observed in the present study were used to obtain L(2.2) ) while L(bol) was either obtained from Sanders et al. or calculated from L(2.2).
are not included.
RESULTS-OBSERVATIONAL
Most of the observations that give variability information were made at wavelengths from 1.25 to 2.2 ¡urn, and the fewest were made at 10.1 /urn. Multiple observations at 1.25, 1.65, and 2.2 /im were obtained for all 108 quasars, while only 54 and 29 of the sample had significant multiple observations at 3.7 and 10.1 /urn, respectively. The distribution of the number of measurements at 2.2 /urn for each quasar is displayed in Fig. 4 and the number of measurements at all wavelengths is included in Table L* As indicated in Fig. 4 , most of the quasars were measured more often than in the two periods 1980-1981 and 1985-1988 . In some cases, e.g., PG 1226 + 023 = 3C 273, the qua-*See AIP document no. PAPS ANJOA-97-957-25 for 20 pages of sars were known to be bright or otherwise thought to be interesting and were measured prior to 1980, some as early as 1968. None of the PG quasars, with the possible exception of PG 0007 + 106 = 3ZW2, were selected for monitoring primarily because they were known to be highly variable. Some quasars were remeasured after 1981 to obtain observations at 3.7 and 10.1 jum, and in each case the 1.25-2.2 fim measurements were repeated. Still other PG quasars were remeasured in order to determine the possible presence of host galaxies associated with the quasars (Neugebauer et al. 1985) or because there were gaps in other observing programs. The time intervals between the measurements varied from less than a month to more than 20 yr, but for all but two of the quasars, measurements from 1.25 to 2.2 jum separated by at least 5 yr were obtained. The distribution of the time intervals between all pairs of measurements at 2.2 jum is shown in Fig. 5(a) ; as indicated, the distribution is dominated by observations of 3C 273, which provide three quarters of the pairs of observations. The distribution of the maximum time between measurements at 2.2 /im for each of the 108 quasars is shown in Fig. 5(b) .
RESULTS-ANALYSIS
Although it is well established that infrared emission plays an important role in the total luminosity of many quasars (see, e.g., Sanders et al. ( 1988) and references therein), the origin of the infrared emission, whether it is nonthermal synchrotron emission or thermal reradiation from dust grains heated by a central luminosity source, has been the subject of much debate. The bulk of the infrared emission in the quasars is emitted at wavelengths longer than 30 yum, so the near-infrared observations in this study do not sample the peak of the radiation. If, however, the emission in the near infrared is produced by a similar mechanism as that at the peak of the emission, large-amplitude rapid variations would favor a nonthermal interpretation, and it was hoped that the observations would provide an answer to the question of whether the infrared continuum emission in optically selected quasars is thermal or nonthermal. The thermal-re-964 NEUGEBAUER ETAL : INFRARED VARIABILITY OF QUASARS 964
laxation time is, however, short enough for expected grain sizes that thermal reradiation at 2.2¡im would, since it measures hot grains near the luminosity source, follow a varying luminosity source with a timescale on the order of 1 or 2 yr. Thus the present observations at 2.2 (im do not provide a sensitive discriminator between the models. At lOyum, however, the shortest timescale for significant variations in the cooler dust cloud would be on the order of 100-200 yr, and the detection of significant variations on a timescale as short as 10 yr would rule out that thermal emission from dust is a dominant contribution to the emission. These considerations will set the framework of the discussions of the different ways of analyzing the data presented below.
It is first illustrative to show the light curves for the six quasars in the sample-PG 0007 + 106, 3C 273, PG 1351 + 640, PG 1535 + 547, PG 1704 + 608 = 3CR 351, and PG 2302 -f 029-with 2.2 fim measurements made on nine or more nights. From these light curves, which are given in Fig. 6 , it is clear that the sampling represented in this study is mainly on the timescale of years. Short outbursts, such as detected in 3C 273 by Courvoisier et ai. ( 1988) , can easily go undetected in these, the most highly sampled of the present set. It is, however, seen that the six quasars represent quite different degrees of variability, although all show variability. In these six, as with the sample as a whole, the variations in the infrared are small with typical maximum variations on the order of 0.5 mag at 2.2 ¡um. There is also some correlation between the variations at the different wavelengths. The light curves of 3C 273 have sufficient observations and time coverage that it is worthwhile to search for periodic features in the spectrum; this search and its implications are reported in Graham et al ( 1988) .
PROBABILITY CALCULATIONS
A presentation which takes into account the measurement uncertainty for each observation has been outlined by Pension and Cannon ( 1970) . In this approach, the relative x 2 probability of variability P v = 1 -P nv is calculated for each quasar. P m is the probability that the hypothesis of nonvariability from the mean observed magnitude is correct. This was calculated from an evaluation of^2 relative to the mean magnitude for the object and the uncertainties of the observations. In Table I and Fig. 7(a) , the probability, [2.2], of variability, relative to the mean of all the 2.2 /zm measurements obtained for that quasar, is given for each of the qua- sars in the sample. These results are sensitive to the assumptions made of the size of the systematic uncertainties, but even when no systematic error was assumed in the measurement, the results are qualitatively the same as those seen in Fig. 7 . The probability of having varied shows no significant correlation with the magnitude of the quasar.
Usher (1978) has applied a similar analysis procedure to 21 quasars in a field of faint blue objects in the SandageLuyten survey centered at right ascension ( 1855 ) = 8 h 48 m , declination (1855) = + 18°. Although Usher used photographic surveys, the results of Usher's survey can in many ways be compared directly to those of the present survey, and a summary of Usher's results is included in Fig. 7(a) . Usher analyzed the results from ten plates taken during a 6 yr span plus one additional plate which provided maximum timescales of up to 23 yr, a maximum reached by only a few of the measurements of the present study. The uncertainties in the individual measurements quoted by Usher, basically 5% but sometimes as large as 50%, are comparable to those in the present study at 2.2 /zm. The quasars in Usher's study are all presumably radio "quiet." Figure 7 (a) shows a striking difference between the two samples in that there are no quasars in Usher's ( 1978) sample with jP v [0.44] < 0.8, while half of the PG sample shows [2.2] <0.8. This could be either a result of the increased time span observed by Usher, or it could reflect a true difference in the variability at optical and near-infrared wavelengths such as pointed out by Cutri et al. (1985) . Usher (private communication) has indicated that the variability he observed was not dominated by the single plate providing
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r" LO O' ! r" 00 the 23 yr timescale. Furthermore, the analysis of the 2.2 //m observations given below indicates that there is not a strong time dependence of the 2.2 //m variability, and thus we favor the interpretation that, in fact, the variability in the infrared is often less than seen in the visible wavelengths. Both distributions share the property that the number of quasars definitely varying (P v > 99.5% ) is relatively higher than the number with marginal variability; i.e., within the accuracy of these observations, the quasars in the sample either vary strongly or they do not. The probabilities that each quasar varied in its near-infrared colors are presented in Fig. 7(b) . There are few variations in color outside those attributable to the measurement uncertainties, although the sensitivity at 3.7 and 10.1 //m is smaller than at 1.25-2.2 ¡xm because the uncertainties are larger. Numerical simulations of observations done at the times of the true observations show that the distribution on the left of Fig. 7(b) is completely consistent with no variations in the magnitudes outside random uncertainties with an amplitude similar to those observed. It is perhaps significant that the few cases of clear variability in the colors-for PG 0026 + 129, PG 1001 + 054, PG 1112 + 431, and PG 1202 4-281 = GQ Comae-occur for the shortest infrared wavelengths.
Because of the importance of the 10.1 fim observations in distinguishing the mechanism for the infrared emission, the probabilities that the PG quasars varied at 10.1 ¡im are displayed separately in Fig. 7 (c) and included in Table I . In addition, the results of numerical simulations assuming that the variations are the result only of the measurement uncertainties are included in Fig. 7(c) . Although the distribution of the observed probabilities is slightly broader than the simulations, the difference is not significant. The correlations of the 2.2 and 10.1 ¡xm observations of 3C 273 shown below do, however, convincingly indicate that this quasar did vary at 10.1 ¡im together with the 2.2 //m variations.
In Fig. 7(d) , the probability of variability is given for subsets of the sample with L(bol) > 10 12 the "quasars" (Schmidt and Green 1983) , and those with L(bol) < 10 12 Lq , the "low-luminosity" quasars. Two thirds of the lowluminosity quasars showed evidence for variability with a probability P v [ 2.2 ] > 90%, while only one third of the luminous quasars exhibited similar variability.
The ten PG quasars that have published flat radio spectra are also identified in Fig. 7(d) and Table I . These ten sources were identified on the basis that their radio spectral index between 74 and 6 cm or 11 and 6 cm as given in Veron-Cetty and Veron ( 1988) or Dixon ( 1970) is greater than -0.4. Seven of the ten quasars with flat radio indexes have a probability of having varied at 2.2/¿m greater than 0.9, while only 40 of the remaining 98 quasars varied by a similar amount. Thus, although the differences in the measured variability of the quasars in the different subsets are not strong, there is evidence that the flat radio spectrum sources are more variable than the rest at infrared wavelengths.
As a further refinement, radio "quiet" quasars were separated from radio "loud" quasars on the somewhat arbitrary basis, derived from an examination of the PG sample by Sanders a/. ( 1988 ) , of the ratio of the flux densities at 6 cm wavelength to those at 1.25 ¡xm being less than 3160 or exceeding 31 600. This definition, which resulted in 22 radio loud cases and 14 "ambiguous" cases, will be adopted throughout the rest of this paper. Radio observations have not been published for eight quasars in the sample, and those quasars without published radio fluxes are lumped together with the radio "quiet" quasars. The radio observations used here are largely those of Kellerman^ö/. (1988) or are taken from the compilation by Veron-Cetty and Veron ( 1987) . It should be noted that this division is necessarily incomplete; as pointed out by Antonucci and Barvainis (1988) , radio "quiet" quasars have both steep and flat radio spectra. Of the 72 radio "quiet" quasars in the PG sample, 30 have a probability exceeding 90% of having varied during these observations. The connection between the radio spectrum and the probability of having varied in the infrared is thus independent of the detailed definition of the radio properties.
It is possible that the relatively short time spans of the observations contributes to the lack of observed variability. Figure 8 shows the sample averages of the probabilities for variation at 2.2 ¡xm, P v (2.2), as a function of the time inter- Fig. 8 . The average probability for a pair of measurements made with a given time interval between them is given for those quasars which have a probability of having varied during the survey exceeding 0.8. The dispersions in the probabilities is large, ranging from <0.5 to 1.
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val between measurements for those quasars which showed a probability greater than 0.8 of having varied at 2.2 fim. For each pair of measurements for each of the variable quasars in the sample, the probability of variability was calculated as described above. All the probabilities for each quasar were then averaged with a weighting such that each quasar had equal total weight over all the time intervals. The dispersion in the individual contributions to the average is large. For most time intervals, there were cases where, even with this sample of identified variable quasars, the probability of having varied was less than 50%. The relative constancy of the averages beyond about 1 yr indicates that the variations appear at all timescales sampled. All observations since 1967 are included in Fig. 7 . A subset of the observations which is potentially less biased by selection effects is one restricted to observations made after 1980 when the infrared and visual measurements of Neugebauer et al. ( 1987) were started. The sample of more recent observations is also potentially less susceptible to long-term drifts in the photometric system. A comparison of the post-1980 observations and the whole set of observations is given in Fig. 9 . From this figure it is clear that the more restricted sample, which only spans times up to 8 yr, has qualitatively the same variability pattern as does the larger sample. This finding is consistent with the results of Fig. 8 .
In order to sharpen some of the trends apparently present in Fig. 7 , the post-1980 observational results are displayed in a different format in Fig. 10 . The observations included in this figure have also been chosen, by selecting the variability at appropriate observed wavelengths as a function of the quasar redshift, so that observations at approximate rest frame wavelengths of 1.25^/m (Fig. 10(a) ) and 1.65/¿m (Fig.  10(b) ) are represented. Although the scatter dominates the figures, systematic trends remain between the radio-type/ spectral index, the bolometric luminosity, and the probability that the quasar has varied; these trends are illustrated in Table II , which shows the average bolometric luminosity L(bol) for different subsets of the data in Fig. 10 .
Perhaps the most striking feature of both Fig. 10 and Table II is the fact that the flat spectrum sources, of which three quarters exhibit a high probability of having varied, have significantly higher average luminosities than do the quasars Fig. 9 . The distribution of the probability of having varied at 2.2 fim is shown for all measurements in this study (right-hand bars, light) and for measurements made after 1980 ( left-hand bars, hatched ). The latter are presumably less subject to selection effects. This difference is also obvious from the histogram of Fig.  7(d) and is presently the first observable difference between flat radio spectrum and steep radio spectrum sources in the near infrared. In addition, if the ten quasars with flat radio spectral indexes are excluded, the average bolometric luminosity of those quasars that have definitely varied in this 8 yr period is significantly less than that for those which have not varied. Thus there is a tendency, admittedly of low statistical significance, for the lower-luminosity quasars to have varied more than the higher-luminosity quasars. This tendency is in agreement with, but does not require or prove, the interpretation that the infrared emission is thermal reradiation from dust. In this case, the grains radiating at a given wavelength are closer to the source if they are heated by a lower-luminosity source and thus are more likely to vary on a short timescale; the timescale for variability should increase as (luminosity) 0/2) . An alternative interpretation may be that sources with smaller bolometric luminosities have less dust than higher luminosity quasars and that consequently the short-wavelength variations are not as severely damped out due to the cooler grains at larger distances from the central source.
WAVELENGTH CORRELATIONS
Although Fig. 7(b) shows that the probability of color changes in the PG quasars having occurred is generally low, another, perhaps less quantitative, presentation indicates that there are possibly some trends in the variability with wavelength. In Figs. ll(a)-ll(j), the magnitude differences between all pairs of measurements for each object in the sample at 1.25, 1.6, 3.7, and 10.1 //m are plotted against the difference of the 2.2 //m magnitudes measured on the same pair of nights. The sense of the figures is such that points in the lower left corner of the figure represent brightening in both wavelengths. For this presentation, the measurements were restricted to those with uncertainties in the individual magnitudes of less than 15%. In addition, all measurements at 3.7 and 10.1 ¡im with uncertainties less than 0.5 mJy (3.7//m) and 7.5 mJy ( 10.1 ¡im) are included, making these, in effect, flux-limited samples. All the individual pairs of measurements meeting these criteria are included in the plots, but the observations of PG 0007 ±-106 and 3C 273 are plotted separately because the number of observations of these quasars is so much larger than the number of observations of the other quasars. It was not possible to find a meaningful correlation at 10.1 fim other than for 3C 273. Figure 11 confirms that the average changes in the 1.25 and 1.65 /¿m magnitudes of the PG quasars are approximately the same as those at 2.2 /¿m. The slopes of the individual datasets are given in Table III ; observations with absolute Table III shows that the two quasars with sufficient measurements to define individual color correlations differ in their color changes from each other and from the mean of the entire sample, indicating true differences among the quasars in this sample. Although PG 0007 -F 106 shows significantly the largest changes in slope among the three sets of data, 3C 273 is definitely different from the mean of the rest, another indication that it cannot be considered as a template for all quasars. All three datasets show an increase in slope with wavelength and for 3C 273 the 10.1 ¡im variations are clearly greater than those at 2.2 /¿m. For this quasar, at least, the 3.7 //m measurements indicate that the relative changes at this wavelength are also greater than those at 2.2 /¿m, again indicating that the long-wavelength components of the continuum of this quasar have greater variations than do the components producing the shorter-infrared-wavelength emission.
Although there seem to be systematic trends in the amplitudes for variation, the correlations evident in Fig. 11 are certainly sufficiently good to indicate that the emission is a common response to the same stimulus, such as would be the case if the near-infrared emission results from the hottest grains from within a distribution of grains at various distances from the luminosity source and at various temperatures. The increased variations at the longer wavelengths which are evident in 3C 273 are, however, difficult to reconcile with the simplest thermal model for the infrared emission and probably rule out thermal emission from dust grains dominating the continuum in that quasar. If the variations come about purely from a short-wavelength source heating the grains, this result implies that some other component must be present in the emission at near-infrared wavelengths. It should be noted that a similar conclusion was drawn by Rieke and Lebofsky ( 1979) based on the outburst in the 10 flux density in early 1972. The observations were again divided into those associated with either radio loud or radio quiet quasars. No strong correlation between the distributions in Fig. 11 and this radio property was evident.
DISPERSION/LUMINOSITY CORRELATION
In Fig. 12 , the dispersions for the 2.2 nm measurements for each PG quasar are plotted against the luminosity of that quasar at 2.2 //m. Only the 2.2 fim observations with less than 15% uncertainties have been included in Fig. 12 . For reference, the dispersion calculated for the 107 observations at 2.2 fim of the star Bertaud b (Bertaud et al. 1973 ) over approximately 20 yr was 0.04 mag.
The presentation of Fig. 12 is patterned after that of Angione (1973) , who studied the historical light curves over about 50 yr of 20 quasars at optical wavelengths; his sample includes a mixture of radio "quiet" and both steep and flat radio spectrum radio loud quasars. His observations are included in Fig. 12 , which shows that the PG quasars have very roughly the same range of variability in the near infrared as the most heterogeneous sample exhibits at visible wavelengths. The denser concentration of low standard deviations in the infrared data may represent a true limit on the range of variability of many of the PG quasars, but reflects as well the increased accuracy of the infrared detectors above the photographic monitoring. In Fig. 12 , two quasars -the well-known optically violent variables 3C 345 and 3C 454.3-stand out from the rest of the optical sample with dispersions larger than 0.5 mag. Similarly, two of the PG quasars-PG 0049 + 171 = Mrk 1148 and PG 1001 + 054 -show dispersions > 0.4 mag, which is almost sufficient to place them in the class of violent variables. Both are radio quiet rather than flat spectrum radio loud sources. As a comparison, PG 0007 + 106 and 3C 273 have dispersions at 2.2 fim of 0.24 and 0.09 mag. Fahlman ( 1977) has interpreted the observations at optical wavelengths in terms of a shot noise model of the variability. He has also pointed out that, even after the optically violent variables are discounted, the observations of Angione (1973) fall into two separate groups of differing activity, the lower typified by 3C 48 and the more active group by 3C 273. This separation is strengthened by considering, as done in Fig. 13 , the dispersion in the luminosities of the quasars as a function of the fractional dispersion in the luminosi- ty. If the shot noise picture of Fahlman applies, all quasars with the same amplitude of outbursts will lie along a line parallel to that drawn in Fig. 13 . The infrared observations of the PG sample show no distinct grouping, but rather show a continuum of values even when plotted as in Fig. 13 . Thus, if a shot model applies to the source driving the infrared emission, the amplitudes of the shots apparently form a continuous set rather than two distinct bunches.
TIME DEPENDENCE
There were not enough observations to establish significant time histories of all the quasars in the sample, and in fact, most of the quasars have been observed only three or four times in this study (see Fig. 4 ). As a result, the time dependence of those few quasars with sufficient observations to give meaningful behaviors are first described, after which an attempt is made to represent the time behavior of the entire sample.
STRUCTURE FUNCTION OF INDIVIDUAL QUASARS
The timescale of possible variations of individual quasars with a sufficient number of observations can be studied through the use of the structure function SF(öfr) (see, e.g., Simonetti, Cordes, and Heeschen 1985) . For a time interval between observations of dt, SF(dfr) is defined as SF(fifr) = ([mag (t) -mag (i +dt)] 2 ).
(1) The angular brackets denote an ensemble average, and mag (f) is the magnitude at any wavelength measured at time t. This function, which is similar to the auto-and crosscorrelation functions, roughly characterizes the intensity of variations on timescales less than or comparable to dt. The structure functions at those wavelengths where observations on 10 or more nights were obtained are shown in Fig. 14. Since the samples were obtained at unequal intervals, the data were binned in 2 or 4 yr and the average structure function in that bin calculated. The uncertainties shown are in Fig. 13 . The dispersions at 2.2 fim for the PG quasars (light squares) and the dispersions observed by Angione (1973) (dark squares) for a set of 20 quasars are displayed in the format of Fahlman (1977) . The line corresponds to a fixed shot amplitude in the model of Fahlman; the amplitude has been adjusted to pass through the dispersions of a group of quasars of relatively high optical activity typified by 3C 273. The interpretation of the structure function is confused by the paucity of observations and the very uneven sampling. In order to interpret Fig. 14, datasets were therefore constructed with simulated observations at the dates of the 2.2 ¡im observations of the quasars in Fig. 14. Random noise with an amplitude dependent on the actual uncertainties of the quasar was added to an assumed input light profile, and at least five runs of each assumed input profile and random noise were carried out. A constant input resulted in structure functions of about 0.004, closely resembling that of Bertaud b. A single step of 0.2 mag corresponding to an extreme systematic change in the photometry in 1973 also resulted in a structure function of mean amplitude close to 0.04, well below the peak amplitudes observed in Fig. 14 . A peak such as seen in PG 0007 + 106 could be produced by an outburst of amplitude about 1.5 mag, which occurred around 1980 and decayed with a time constant of slightly less than a year. The rise in PG 1704 + 608 is consistent with an outburst in the early 1970's, which decayed with a time constant in excess of 50 yr. More complicated structure, such as seen in 3C 273, can be reproduced by a series of discrete outbursts separated by about 5 yr. Although it is clear that none of these possible input patterns is unique, it is well established that significant variability on timescales of years is present.
AVERAGE STRUCTURE FUNCTIONS
As a heuristic approach to dealing with the large number of objects with only a few observations per object, an average structure function was calculated from the observations of all the quasars. This analysis gives a valid description of the r" LO O' ! r" 00 sample if all the quasars in the sample behave in the same way, but it is important to remember that any trends obtained can come about because of anomalous variations of individual quasars and do not necessarily reflect the behavior of the entire sample.
At each wavelength, each pair of observations for each quasar was used to evaluate Eq. ( 1 ), and the average for all the quasars with a lag time within either a 2 or 4 yr time bin was determined. The results are shown in Fig. 15 . In order to avoid the averages being dominated by the few quasars with many observations, the individual contributions were weighted in the average so that each quasar has equal weight in the function as a whole. In addition, the average structure function was also calculated by weighting the average function for each quasar contributing to a bin equally. Both types of weighting methods give qualitatively the same results. The uncertainties shown are the uncertainties in the averages calculated from the dispersion in the individual contributions for a particular time interval. Observations at 1.25-3.7 ¡im were limited to those with uncertainties less than 15%; at 10.1 /¿m all observations with uncertainties less than 20% were included.
The most striking feature of Fig. 15 is the sharp rise at timescales on the order of 10 yr, which is consistent with an outburst occurring once during the time of measurement of the quasars. This result, however, is largely due to the observations of PG 1001 -j-054 where measurements at 1.25, 1.65, and 2.2 ¡im in 1976 were brighter by approximately 1 mag than subsequent measurements made after 1981. If this one quasar is not included in the dataset, the average structure function for the bin centered on 10 yr goes from 0.18 ± 0.04 mag 2 to 0.03 + 0.01 mag 2 . For lag times shorter than about 8 yr, the average structure functions at 1.25, 1.65, and 2.2 /¿m are essentially the same, in agreement with the presentation of Fig. 11 . The structure functions for the longer-wavelength observations again indicate the presence of variations, but are less informative because of the shorter base lines and higher noise levels.
SUMMARY
The observations of a sample of optically selected quasars show that there is significant variability in the near infrared with an amplitude of several tenths of a magnitude. A significant fraction of the quasars have not, however, varied at 2.2 [im by more than the 5% measurement uncertainty over a 5-10 yr period, in marked contrast to the behavior of quasars in the visible. The dispersions in the near infrared fill in the total range from zero to several tenths of a magnitude. There are at least two examples of quasars, both of which are radio "quiet" quasars, which show large amplitude variability at 2.2 (im.
The histories of those few quasars that have been measured sufficiently often to provide a time sequence show that there is a range of behaviors in the variability. The structure functions of these quasars can be explained by one or more outbursts of approximately 1 mag in amplitude, which decay with time constants from one to several years. The average structure function of all the quasars shows a small rise, which is typical of timescales of 5-10 yr. The uniformity of the mean probability with time is probably indicative of a series of short outbursts driving the variations. The mean luminosity of those quasars that gave evidence for variability is less than that for those that showed little evidence of variability.
The colors of the quasars have remained essentially the same as the quasars varied. In more detail, variations at 2.2 //m were accompanied by approximately the same, but slightly smaller, variations at 1.25, 1.65, and 3.7 [im for the bulk of the sample. The quasar 3C 273 showed larger variations at 3.7 ¡im and at 10.1 ¡im relative to its variations at 2.2 fim than did the rest of the quasars in this sample.
Seven out of ten flat spectrum radio loud quasars in the sample had more than a 90% probability of varying at 2.2 fim. In contrast, 40% of the remaining quasars show more than 90% probability of having varied.
The observations strengthen the clear implication that the mechanism predominant in the near infrared is different from that responsible for the emission at visible wavelengths or that the variations in the infrared represent severely damped reactions to outbursts in the optical. The observations, however, cannot be used to prove or disprove the hypothesis that the infrared emission from quasars is thermal emission. Some observations, such as the color correlations and the dependence of the variability on luminosity, are consistent with the near-infrared emission consisting of radi- 15. An heuristic average structure function for the measurements of the sample as a whole is shown. Each quasar has been given equal weight in the averages. The bins are either 2 or 4 yr in length; the midpoint of each bin is plotted. The wavelength designation is the same as in Fig. 14 Table I , shows an 80% probability of variability for 3C 273. In addition, the strong correlation between the 10.1 ¡im variation and 2.2 ¡im variation, as shown in Fig. 11 (j) , convincingly shows that these fluxes vary together. Because of these 10.1 fim variations, we conclude that the 10.1 /¿m continuum from this quasar cannot be due to thermal emission from heated dust.
The 10.1 //m observations of the other PG quasars cannot convincingly be shown to demonstrate variability. Figure  7 (c) shows that there is not a substantial excess of sources having a high probability of having varied at 10.1 ^m beyond that expected from measurement errors. Thus the observations presented here are consistent with, but do not prove or even suggest, a model of thermal emission by dust contributing significantly to the 10.1 ^m emission of the other quasars.
These observations are consistent with the interpretation of the energy distributions of the PG quasars discussed by Sanders et al. (1988) , who find that the radio-quiet quasars show an infrared excess, and attribute this excess to thermal emission by dust. The sources with flat spectra, such as 3C 273, show no such excess, and can be explained as synchrotron radiation extending from the radio through the infrared.
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